I. Introduction
In the antiproton studies that were planned and initiated immediately a f t e r the discovery of this particle the investigation of the antiprotonnucleon c r o s s section had naturally a n important part. In the preceding paper we have described the results obtained up to now in the study of c r o s s sections for complex nuclei; we r e p o r t h e r e our r e s u l t s on nucleons.
H e r e also we have endeavored to distinguish between annihilation and scattering c r o s s sections, and we have t r i e d to obtain information not only on the P-p but a l s o on the p-n c r o s s section. The method used i s v e r y s i m i l a r to the one described in the preceding paper, but the a b s o r b e r and Cerenkov counter detecting the annihilation were different. If we want to observe the annihilation of antiprotons with protons, the obvious and most direct way--namely, to observe the Cerenkov light in a liquid hydrogen target --is not applicable because the refractive index of liquid hydrogen i s too s m a l l ( n = l . 09) and most of the annihilation pions do not produce any light. We m u s t then use a hydrogenous substance of suitable r e f r a c t i v e index and have r e c o u r s e to a subtraction method. We chose water, heavy water, and liquid oxygen, and by taking differences we obtain the c r o s s sections of hydrogen, deuterium, and oxygen. The hydrogendeuterium difference was a l s o analyzed to obtain the j5-n c r o s s section.
Such a subtraction method i s inherently delicate from the experimental point of view; m o r e o v e r , the p'-n c r o s s section cannot be obtained simply f r o m the difference between the Lp-d and 3 -p c r o s s sections, because the proton s c r e e n s the neutron i n the deuteron. The c o r r e c t i o n caused by this effect i s unusually l a r g e because the antiproton-proton c r o s s section is l a r g e , and this adds some uncertainty to the r e s u l t . On the other hand the only feasible alternative to this procedure s e e m s to be to use a n antineutron b e a m on protons, and this m u s t wait for the development of a suitable antineutron beam.
In Section 11 we give the experimental details of this investigation, in Section I11 the r e s u l t s and discussion.
Experimental P r o c e d u r e s
The spectrograph used for forming the antiproton beam h a s been d e s c r i b e d in the preceding p a p e r .
The a b s o r b e r and annihilation detector was a s t a i n l e s s s t e e l box 10.75-in. long ( F i g . l ) , which could contain liquid oxygen, water, o r heavy w a t e r . The box was thoroughly insulated with Santocel ( S i 0 2 Powder) 3 of density 0.091 g/cm.
The c h a r a c t e r i s t i c s of the absorbing media a r e given in Table I . Table I . C h a r a c t e r i s t i c s of the attenuators. G r e a t c a r e was taken to b e s u r e of the thickness of the absorbing s a bstance and to be s u r e that the changes of t e m p e r a t u r e in passing f r o m liquid oxygen t o water a t room t e m p e r a t u r e did not produce undesirable effects, UCRL-3876 such a s a change in the c h a r a c t e r i s t i c s of the photomultipliers o r deformations i n the containers. We found that the photomultipliers work s a t i sfactorily provided they a r e not i m m e r s e d i n the liquid oxygen and have a heat shield. We a l s o investigated the t r a n s p a r e n c y of liquid oxygen to the light to which the photomultipliers respond.
In o r d e r to obtain antiproton-nucleon c r o s s sections with a statistical a c c u r a c y of about 1070, i t was n e c e s s a r y to take the data for D20, H 2 0 , 4 and 0 until 10 antiprotons had been incident upon each of these m a t e r i a l s .
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The t h r e e a b s o r b e r s w e r e cycled through s e v e r a l t i m e s and data w e r e taken with different voltages on the C** counter. It i s possible that s o m e of the annihilations m a y give s m a l l pulses in C** and hence escape detection; for t h i s r e a s o n i t was i m p o r t a n t to obtain a b i a s curve of the pulse height and extrapolated to z e r o pulse height a s indicated in the preceding p a p e r .
F i g u r e 2 exemplifies the m a n t e r in which the pulse-height distribution for Counter C** was extrapolated to z e r o pulse height.
T h e cutoff angles of 14.3' and 20.5' w e r e such that we should expect that the antiprotons that have undergone diffraction scattering a r e counted a s "pas s-through". In other words, ours i s a bad-geometry a r r a n g e m e n t i n which we distinguish annihilation f r o m scattering (elastic or inelastic ) other than diffraction. w h e r e N i s the n u m b e r of oxygen a t o m s p e r s q u a r e c e n t i m e t e r i n the t a r g e t ,
o r t h e n u m b e r of H20 o r D 2 0 m o l e c u l e s p e r s q u a r e c e n t i m e t e r i n the t a r g e t .
T h e o t h e r q u a n t i t i e s a r e defined i n t h e caption f o r T a b l e 11.
T a b l e PI. E x p e r i m e n t a l R e s u l t s : I i s the n u m b e r of incident p a r t i c l e s , I (8 ) 0 i s the n u m b e r of p a s s -through p a r t i c l e s into the f o r w a r d cone of half angle 8 I i s the n u m b e r of annihilations, a n d Ia ( 6 ) i s t h e n u m b e r of annihilations i%"which a c h a r g e d product i s d e t e c t e d i n fne f o r w a r d cone of half angle 0 .
T a r g e t C** IO a n Ian (14 ) Ian (200) 111. R e s u l t s a n d Discussion T h e r e s u l t s a r e s h o w n i n T a b l e 111. The f i r s t t h r e e r o w s give the c r o s s s e c t i o n s f o r 0, H 2 0 , and D 0 f o r b o t h a n t i p r o t o n s a n d p r o t o n s . The c r o s s 2 s e c t i o n s f o r positive p r o t o n s h a v e b e e n m e a s u r e d with t h e s a m e a p p a r a t u s a s f o r a n t i p r o t o n s , a n d a g r e e within about 7 m b with the r e s u l t s of Chen, Leavitt, a n d Shapiro.
F r o m t h e r e s u l t s of t h e f i r s t t h r e e l i n e s of the table we have obtained by s u b t r a c t i o n t h e following antinucleon.-nucleon c r o s s s e c t i o n s with t h e i r e r r o r s .
Chen, Leavitt, a n d Shapiro, P h y s . Rev. T h e a n g l e s 8 u s e d in o u r e x p e r i m e n t w e r e 14.3 and 2 0 . 5~. -2 H e r e
) d i s t h e a v e r a g e value of l / r 2 o v e r the d e u t e r o n wave function.
If we take the value of Chen, Leavitt, and Shapiro, then we have '
T h i s f o r m of the c o r r e c t i o n i s valid only f o r ( 6 u / a p ) << 1 . T h i s i s not t h e c a s e f o r antiprotons, a n d a m o r e e l a b o r a t e c o r r e c t i o n p r o c e d u r e b e c o m e s n e c e s s a r y . F o r e q u a l n e u t r o n a n d proton c r o s s sections t h i s a l s o h a s b e e n worked out by Glauber, and t h e s a m e method h a s been u s e d by lair^ t o extend G l a u b e r l s r e s u l t s to unequal c r o s s s e c t i o n s . Glauber a n d B l a i r give n u m e r i c a l r e s u l t s which applied t o our c a s e give the v a l u e s of the l a s t l i n e of T a b l e 111. It i s h a r d to a s s e s s the e r r o r of t h e s e c r o s s s e c t i o n s . T h e r e i s about 14 m b of p u r e l y s t a t i s t i c a l e r r o r , but the Glauber c o r r e c t i o n i s l a r g e and i t i s a l s o s o m e w h a t u n c e r t a i n . T h e calculation of t h e Glauber c o r r e c t i o n i s b a s e d on t h e following a s s u m p t i o n s :
(a) t h a t < i s m u c h l e s s than i n t e r a c t i o n r a n g e of the antiproton. In our c a s e 4-0.2 x l o -1 3 c m , a n d we assume a n i n t e r a c t i o n r a n g e of ch/mc = 1.4 x 10-13 c m .
(b) E n e r g y t r a n s f e r s f r o m a n t i p r o t o n s t o nucleons i n the d e u t e r o n a r e neglected, which c o r r e s p o n d s to the s t a t e m e n t that the i n t e r n a l m o t i o n s i n the d e u t e r o n m u s t b e s l o w with r e s p e c t to t h e velocity of the antiproton r e l a t i v e to the nucleon. Also t h i s condition i s r e a s o n a b l y s a t i s f i e d i n o u r c a s e .
'R. J . Glauber, P h y s . R e v . - 100, 242 (1955) .
3~. S. B l a i r , ( U n i v e r s i t y of Washington), p r i v a t e communication.
B e c a u s e o u r m e a s u r e m e n t s show that the p i n t e r a c t i o n r a n g e s a r e not s m a l l c o m p a r e d with the s i z e of the deuteron, a n a c c u r a t e calculation of the shielding effect r e q u i r e s knowledge of the i n t e r a c t i o n r a d i i and opacity d i st r i b u t i o n s . _ However, information f r o m which conclusions about t h e s e could b e r e a c h e d is s t i l l lacking. M e a s u r e m e n t s of the s c a t t e r i n g c r o s s section, f o r example, would f u r n i s h a n e s t i m a t e of the i n t e r a c t i o n r a d i i . T h e only i n f o r m a t i o n we h a v e on s c a t t e r i n g , a
<< u reaction' i n d i c a t e s t h a t the
In addition to the p a r a m e t e r s mentioned above, the magnitude of the Glauber c o r r e c t i o n d e p e n d s on the choice of the deuteron eigenfunction, e s p e c i a l l y i n t h e r e g i o n w h e r e t h e two nucleons i n the d e u t e r o n a r e i n c l o s e proximity. In c a l c u l a t i n g t h e p r e s e n t c o r r e c t i o n we have u s e d a ~u l t h \ e n potential a s d e s c r i b e d i n R e f e r e n c e 2 .
In conclusion we must s a y that da = 4 3 m b should probably b e c o n s i d e r e d a s a n upper l i m i t t o t h e Glauber c o r r e c t i o n . A b e t t e r e s t i m a t e will b e p o s s i b l e only a f t e r m e a s u r e m e n t of t h e h -p s c a t t e r i n g c r o s s section.
With t h e s e c o r r e c t i o n s the p -n and j5-p c r o s s s e c t i o n s a p p e a r to be about equal i n both t h e annihilation a n d the s c a t t e r i n g p a r t . If we a d m i t c h a r g e independence and u s e i s o t o p i c spin f o r m a l i s m we note that the 5 -p s y s t e m m a y with e q u a l probability, b e in a singlet o r t r i p l e t isotopic spin s t a t e , w h e r e a s t h e H-n s y s t e m i s a l w a y s i n a t r i p l e t isotopic spin s t a t e . If we c a l l a t h e r e a c t i o n c r o s s section f o r t r i p l e t s t a t e s and a the analogous 1 0 c r o s s s e c t i o n s f o r t h e singlet states we h a v e a = l / 2 ( a 1 + a o ) ,
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If the two annihilation c r o s s s e c t i o n s a r e indeed equal we have a = a O . 1 B e t t e r a c c u r a c y i s n e e d e d to c o n f i r m t h i s r e l a t i o n . T h e r e i s a r e l a t i o n b e t w e e n the c h a r g e -e x c h a n g e c r o s s s e c t i o n a n d the 5 -p , 'p-n c r o s s s e c t i o n s i n which the differential charge-exchange c r o s s s e c t i o n i s taken i n t h e f o r w a r d They find (we i n t e r p o l a t e d slightly), f o r a n e n e r g y of 450 Mev, a total 5 -p c r o s s section of 99*7 m b .
In o u r e x p e r i m e n t s t h e diffraction s c a t t e r i n g d o e s not a p p e a r b e c a u s e we u s e 0 a Bc = 14.3 , and if we t a k e t h e two r e s u l t s a t t h e i r f a c e value we should conclude that t h e r e i s only ( T h e c l a r i f i c a t i o n of t h i s point can b e obtained b y f u r t h e r e x p e r i m e n t s giving a d e t a i l e d m e a s u r e m e n t of the f o r w a r d s c a t t e r i n g as a function of a n g l e .
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